Dopamine is an important neurotransmitter in the central nervous system (CNS) of vertebrates, where it plays a role in a variety of neuronal functions including behaviour and cognition, voluntary movement, motivation, punishment and reward, sleep, mood, attention, working memory and learning. Dopaminergic neurons of the ventral mesencephalon/diencephalon (mesodiencephalon) form vital pathways constituting the majority of the CNS dopamine system ( fig. 1 ). Mesencephalic dopaminergic neurons extend longitudinal projections rostrally through the diencephalon, ascending toward forebrain targets ( fig. 1 ), whereas diencephalic dopaminergic neurons of the A11 group extend longitudinal axons caudally, descending toward the spinal cord ( fig. 1 ). These longitudinal pathways are affected in several brain disorders. Parkinson's disease results from the degeneration of nigrostriatal dopaminergic fibres that connect the substantia nigra pars compacta to the striatum [1] . Disruption of dopamine signalling from the ventral tegmental area to the nucleus accumbens has been linked to schizophrenia [2] . The A11 diencephalospinal pathway is crucial for sensorimotor integration and pain control at the spinal cord level. When disrupted, it is thought to be involved in numerous painful conditions such as restless legs syndrome and migraine [3] .
opment and the importance that this process would have during regeneration after therapeutic interventions to restore lost or disrupted dopaminergic connections, it is of great interest to study the molecules that specifically control the growth and guidance of extending dopaminergic processes. In the present review, we present a compilation of the knowledge acquired in recent years from in vivo and in vitro studies about the role of Slit ( fig. 2 a) and Robo ( fig. 2 b) proteins in the development of dopaminergic neurons.
Robo receptors and their Slit ligands form one of the most important ligand-receptor couples among the axonal guidance molecules. Robos were first identified in Drosophila in a screen for genes that regulate the midline crossing of commissural axons [4] . Similarly, Slit was discovered in Drosophila as a protein secreted by midline glial cells [5] . Homologues of both proteins have since been discovered in many vertebrate species [for review, see 6 ] . The Slit/Robo pair not only functions in axon guidance but also in diverse developmental processes outside of the midline and even the CNS, like cell migration, axonal branching, axonal targeting or cell differentiation [6] .
Robo receptors belong to the immunoglobulin superfamily of cell adhesion molecules. In most vertebrates there are 3 Robo receptors expressed in CNS cells [6] ( fig. 2 b) . In zebrafish and mammals, a 4th Robo receptor, Robo4, is expressed by endothelial cells [6] ( fig. 2 b) . A single slit gene has been identified in invertebrates, whereas there are 3 slit genes in mammals ( slit1-slit3; see [6] ). In zebrafish, an additional slit1 gene ( sit1a and slit1b ) is present due to an additional duplication [7] . All slit genes encode large extracellular glycoproteins of about 200 kDa ( fig. 2 a) . Full-length Slits can be cleaved by proteases generating shorter N-terminal isoforms (Slit1-N, Slit2-N and Slit3-N; fig. 2 a) . Slit fragments have different association characteristics in cell culture suggesting that they may have different functional activities, e.g. in vitro data has shown that Slit2 functions as an antagonist of Slit2-N in the dorsal root ganglion branching assay and that Slit2-N but not Slit2 induces the collapse of olfactory bulb growth cones. Both Slit1-N and Slit1 induce the branching of cortical neurons, but only full-length Slit1 repels cortical axons [6] .
Robos bind to Slits through their Ig1 and Ig2 domains. The Ig1 domain of Robo1 is bound by the concave face of the leucine-rich repeat (LRR)2 domain of Slit ( fig. 2 a-c) and the binding residues of the Slit LRR2 domain are highly conserved among all Slits across species, as are those of the Robo Ig1 domain [8] . This degree of conservation could explain the promiscuous binding of Slit ligands to Robo receptors that has been described using overlay assays [8] . The cytoplasmic domains of Robo receptors do not possess autonomous catalytic activities and they must therefore interact with different signalling molecules (see fig. 2 c) to exert their specific effects, such as controlling cytoskeletal rearrangements that will affect neurite outgrowth and extension [for review see 8 ] . Different secondary molecules (adaptor and effector proteins) mediate Robo signalling ( fig. 2 c) . Since the downstream signalling pathways have not been specifically studied in dopaminergic neurons we will not get into the details here [see 8, 9 ] ( fig. 2 c) .
To date 7 studies have specifically investigated the role that Slit proteins, through their interaction with Robo receptors, play in the growth and guidance of dopaminergic neurites [10, 11, 12, 13, 14, 15, 16] ( table 1 ) ; 2 of these studies, Lin et al. [11] and Lin and Isacson [12] , reported in vitro studies using primary cultures of the ventral midbrain of rats and murine embryonic stem (ES) cell-derived dopaminergic neurons, and 1 study has reported how Slit2 affects human ES cell-derived dopaminergic neurons in vitro [14] . The other 4 studies have investigated the role of Slits and Robos in the growth of longitudinal dopaminergic projections in vivo (mouse: [10, 15] zebrafish: [13, 16] ). In addition, a recent study has also reported an increase in the number of tyrosine hydroxylase (TH, the rate-limiting enzyme for dopamine synthesis) immunoreactive (TH-ir) profiles in the adult zebrafish optic tectum in Robo2 astray mutants [17] (astray means 'away from the correct path'; this is a mutant zebrafish line identified due to defects in their retinotectal pathfinding [18] ).
In vitro Studies
In primary cultures of the ventral midbrain of rats (embryonic day 14, E14) Robo1 immunoreactivity was co-localized with calbindin, GIRK2 and TH immunoreactivities and Robo2 expression was co-localized with calbindin and TH immunoreactivities, indicating that dopaminergic neurons cultured from this brain region express Robo1 and Robo2 receptors [11] . In co-cultures of the ventral midbrain explants and Slit2 cell aggregates (a 293-HEK cell line transfected with human Slit2) most of the TH-ir axons and fascicles were observed in the distal part of the explants and only a few of them were observed in their proximal aspect [11] . This indicated that Slit2 is a potent repellent for dopamine axon growth. In addition, TH-ir neurite extension is also inhibited in co-cultures with Slit-2-expressing cells. This effect on the length of the TH-ir axon is mediated by the action of Robo receptors as shown in experiments using the N-terminal domain of Robo (Robo-N) receptor to reduce Slit2 signalling [11] . These experiments were performed by adding the culture medium (conditioned medium) collected from confluent cultures of 293-HEK cells expressing the extracellular domain of Robo (Robo-N); once Robo-N is in the medium it competes with Robos expressed in THir cells for the binding of Slits [11] .
Lin and Isacson [12] then compared the effect of Slits in neurite outgrowth of rat ventral midbrain dopamine neurons (E14) and murine ES-differentiated dopamine neurons and extended their study to Slit1 and Slit3. Murine ES-derived neurons positive for TH expressed Robo1 and Robo2 receptors [12] . In explants of murine ES-derived neurons co-cultured with Slit2 expressing cells, THir neurite distribution was disrupted and fewer THir neurites were seen in the explants grown next to these cells, as previously shown for fetal dopamine neurons of [6] ; c modified from [8, 9] . the ventral midbrain [12] . As in the case of rat fetal dopamine neurons, the inhibitory effects of Slit2 were neutralized by Robo-N treatment [12] , indicating that Robo receptors mediate Slit2 signalling also in murine ES-derived neurons.
The majority of the TH-ir neurites in the rat fetal ventral midbrain explants cultured with Slit1-and Slit3-expressing cells were observed in the distal aspect of the explants and these neurites were also shorter [12] . Robo-N treatment reversed this process too. In the case of the murine ES-derived cells, TH-ir neurite lengths were reduced when the explants were cultured with Slit1-or Slit3-expressing cells as well. However, in contrast to rat fetal explants, the proximal/distal ratio of TH-ir neurites in the murine ES-derived cells did not differ between control explants and explants cultured with Slit1-or Slit3-expressing cells. These results indicate that Slit1 and Slit3 inhibit neurite extension but not directed outgrowth of the THir neurites as in fetal ventral midbrain explants [12] . The authors of this study suggested that these differences may result from developmental differences generated by the in vitro method used during ES cell differentiation [12] . Another possibility could be that this may be an interspecific difference between dopaminergic cells of rats and mice.
Recently, Cord et al. [14] studied the ability of Slit2 to affect the neurites of human ES cell-derived dopamine neurons. The authors co-cultured these cells with COS cells secreting Slit2 and observed that the dopamine axons were repelled. In this study, the TH-ir human ESderived neurons expressed Robo2, whereas Robo1 was not detectable [14] . This is a clear difference with the rodent dopamine neurons, since both the rat fetal ventral midbrain and the murine ES-derived dopamine neurons express Robo1 and Robo2 receptors [11, 12] . In addition, the authors of this in vitro study also assessed the response of these ES cell-derived dopamine neurons to Slit2 in the presence of pro-inflammatory cytokines like IL1, IL6, TNFα and TGFβ and found that they did not block the ability of human ES-derived dopamine neurons to respond to the inhibitory effect of Slit2 [14] . According to the authors, this would be of importance when transplanting these cells in the animals since they may encounter an inflammatory situation in the diseased brain [14] . Interestingly, Cord et al. [14] also studied the response of murine ES-derived dopaminergic cells to Slit2 and observed no response to Slit2, which contradicts the results by Lin and Isacson [12] . Differences in differentiation protocols used by both groups could account for these contradictory results. This would need to be revisited in further studies.
In vivo Studies in Mice: Ascending Dopaminergic Pathways
Slit proteins affect the trajectories of tracts that course longitudinally through the forebrain or rhombencephalic/spinal cord regions and whose origin is outside these regions [19] . This is the case of the ascending dopaminergic projection from the substantia nigra/ventral tegmental area complex that innervates the forebrain. In normal mice these fibres course through the medial forebrain bundle, which lies slightly medial to the cerebral peduncle. In the telencephalon, the dopaminergic projections remain largely ipsilateral and diverge to innervate multiple subcortical and cortical targets. In 2002, Bagri et al. [10] reported that in Slit2 knockout mutant mice these fibres are displaced ventrally as they course the diencephalon. In Slit1/Slit2 double mutants the medial forebrain bundle is split in two components and numerous fibres descend ventrally into the hypothalamus approaching the midline. Although many of the dopaminergic fibres enter the telencephalon normally, in Slit1/Slit2 mutants a significant percentage abnormally crosses the midline in the basal telencephalon. These defects were more clearly seen at E14.5, which suggested that the loss of Slit1/2 function affects the development of the dopaminergic fibres as they course rostrally into the forebrain [10] .
Dugan et al. [15] further studied the role of Slit/Robo signalling in the guidance of the longitudinal ascending mesodiencephalic dopaminergic axons. First, the authors studied the expression of Slits and Robo receptors. At E12.5, Slit1 and Slit2 expression was prominent in the ventral midline of the midbrain. Slit1 was expressed farther dorsal than Slit2 and was also expressed in dorsal spots in the midbrain and ventral diencephalon. Therefore, both Slit1 and Slit2 are expressed in the ventral midbrain in the region were dopaminergic neurons are located. At this developmental stage Slit3 was not expressed in the midbrain or forebrain. A portion of mesodiencephalic TH-ir cells and their initial axon segments were also Robo1-ir. No Robo2 antibody labelling was observed in mesodiencephalic TH-ir neurons. However, anti-β-galactosidade axonal labelling was observed in the medial forebrain bundle overlapping with TH-ir axons when using embryos carrying a Robo2 mutant allele containing an IRES-tauLacZ expression cassette [15] .
The authors also studied the influence of secreted Slit2 in explants of the ventral midbrain in a similar way to that done by Lin et al. [11] , showing that Slit2 reduces the number and length of TH-ir axons in vitro in E12.5 explants also [15] . This shows that the early mesodiencephalic dopaminergic neurons can also respond to Slit2.
In in vivo experiments ( fig. 3 ), Slit1 -/ -Slit2 + / -mutant embryos had a narrow dopaminergic tract ( fig. 3 b) that was not distinguishable from the wild-type situation ( fig. 3 a) . Therefore, Slit1 seems to be dispensable if Slit2 is present [15] . In contrast, double Slit1 and Slit2 mutants had diverging dopaminergic projections and a wider tract, with axons projecting into the ventral diencephalon approaching the midline and others wandering dorsally ( fig. 3 c, e) . Slit1 + / + Slit2 -/ -embryos shared the major phenotypes observed in double mutants, although the single Slit2 mutants had fewer dorsal wandering trajectories ( fig. 3 d) . It appears, therefore, that Slit2 is necessary for the guidance of mesodiencephalic dopaminergic axons into the medial forebrain bundle, preventing the axons from entering the ventral midline and restricting them to a narrow tract, preventing anterior projections to the optic chiasm as well [15] . Slit1 seems to have a minor role in the guidance and growth of mesodiencephalic ascending dopaminergic axons in vivo [15] .
Dugan et al. [15] also studied mutants for Robo1 and Robo2. Robo2 mutant embryos had wild-type dopaminergic projections ( fig. 3 f) , whereas Robo1 mutant homozygotes had errors in the dopaminergic mesodiencephal- ( fig. 3 g) . The Robo1 mutants have similar phenotypes to those observed in Slit1/Slit2 double mutants, showing a wider tract with many axons deviating both ventrally and dorsally ( fig. 3 g) . As in the double Slit mutants many axons grew into the ventral midline and other axons projected dorsally. Interestingly, Robo1 mutants formed a distinct ectopic bundle of dopaminergic fibres that projected dorsally from the mesodiencephalic region along the dorsal thalamus-pretectum limit ( fig. 3 g ). This ectopic tract was not observed in Slit double mutants ( fig. 3 e) . Robo1 and Robo2 had even stronger phenotypes than the Robo1 mutants with mesodiencephalic dopaminergic axons that entered the ventral midline, wandered dorsally, formed a wider tract and were also truncated, failing to reach rostral regions. The double mutants also had the ectopic tract observed in Robo1 mutants. The presence of this ectopic dorsal tract in Robo1 mutants but not in Slit mutants suggests that Robo1 may have a Slit independent function in preventing longitudinal dopaminergic axons from wandering dorsally [15] . As suggested by the authors, Robo2 appears redundant to Robo1 for the mesodiencephalic dopaminergic axons, since the projection in Robo2 mutants appears normal. However, the fact that Robo1 and Robo2 double mutants are more severe than Robo1 mutants suggests that Robo2 could partially compensate for Robo1 loss when it is mutated [15] .
In vivo Studies in Zebrafish: Descending Dopaminergic Pathways
Similar to A11 dopaminergic cells in mammals, zebrafish ventral diencephalic dopaminergic groups DC2 and DC4-6 (posterior tuberculum/posterior tuberal nucleus) are specified by the transcription factor Orthopedia and send descending projections to the spinal cord [20] . Thus, the posterior tubercular dopaminergic cells of zebrafish are considered A11 homologues [20, 21] . In mammals, it has been reported that A11-lesioned rats are hyperactive [22] and this descending system has been linked to restless legs syndrome [23] and descending command systems [24] .
In zebrafish, the dopaminergic descending axons from the diencephalon project ipsilaterally and grow at a defined distance toward the brain/spinal cord midline. Dopamine axons generate a conspicuous longitudinal fascicle that never crosses the midline. In Robo2 astray mutants, abnormal dopaminergic pathfinding was found at 36 h post-fertilization as compared to wild-type or 3 . Lateral views of whole-mount TH immunolabelling of wildtype ( a ), Slit ( b-e ) and Robo ( f , g ) mutant embryos. Note that the pathfinding defects were mainly observed in Slit2 and Robo1 mutant embryos [15] . The medial forebrain bundle is indicated in grey. cf = Cephalic flexure; cv = cerebral vesicle; DT = dorsal thalamus; E12.5/E13.5 = embryonic day 12.5 or 13.5; M = mesencephalon; md = mesodiencephalic dopaminergic neurons; op = optic stalk; Pt = pretectum; VT = ventral thalamus. Modified from [15] .
astray + / -zebrafish embryos [13] . Instead of having their lateral position, the TH-ir descending axons shift toward the midline and establish medial paths. Ectopic midline crossing of TH-ir axons was occasionally observed in astray mutants as well. Slit expression was detected at the midline (i.e. Slit1a, Slit1b, Slit2 and Slit3 expression) and only Robo2 expression was observed in these dopaminergic cells. In addition, injections of Robo1 or 3 morpholinos in zebrafish embryos did not affect the pathfinding of the descending TH-ir axons [13] .
Overexpression of Slit2, by using a zebrafish line in which a heat shock promoter drives the expression of Slit2, caused aberrant dopaminergic projections with TH-ir axons crossing the midline. The longitudinal THir fascicles did not form after Slit2 overexpression and only single axons projecting at their normal lateral positions were detectable [13] . These experiments indicate that a gradient of Slit2 expression from the midline is needed for the correct pathfinding of the descending dopaminergic axons and that Robo2 receptors expressed in the extending dopaminergic processes mainly mediate this process.
Finally, a recent study has shown that the lateral positioning of the descending dopaminergic axons in zebrafish is also regulated by the transcription factor Sim1a [16] . Sim1a negatively regulates Robo3a.1 transcription, which in turn attenuates the repulsive action of Robo2 from the midline. The authors of this study showed that in Sim1a morphants Robo3a.1 expression increases and TH+ descending axons display a medial displacement. In Sim1a morphants of Robo3 twitch twice mutant genotype this medial displacement was attenuated, which indicates that the negative control of Robo3a.1 by Sim1a is required for the proper lateral positioning of dopaminergic descending axons in zebrafish [16] .
Conclusions and Future Directions
Both in vitro and in vivo studies performed until now clearly show that Slits modulate the growth and guidance of dopaminergic neurites during development through their interaction with Robo receptors expressed in the extending dopaminergic neurites. However, several open questions remain to be further investigated and clarified. There is a need for a detailed study of the expression of Robo receptors in dopaminergic neurons, for example to clarify if Robo1 is actually expressed in human dopaminergic cells or to clarify the contradictory results of Dugan et al. [15] for the expression of Robo2 in mice when using either antibody or the IRES-tauLacZ expression cassette (see above). It could be also very helpful to perform a detailed anatomical study of the expression of Slits during the development of dopaminergic structures. In addition, it should also be clarified if ES-derived dopaminergic neurons of mice are actually affected by Slit2 in in vitro experiments (see above).
In vitro studies on human cells are of great importance for the possible therapeutic use of these cells for transplantation in patients with Parkinson's disease or other diseases in which the dopaminergic system is compromised. Once transplanted, the cells will have to innervate the correct target cells and establish synaptic contacts with these cells, so there is a need to investigate if they would respond to guidance cues or signals that control neurite extension, branching or synaptogenesis. Therefore, in vitro studies with human ES-derived DA dopaminergic cells should be extended to Slit1 and Slit3, as previously done for rodent cells. It is also crucial to study the response to the Slit signal in inflammatory conditions in a similar fashion, as previously done by Cord et al. [14] , since dopaminergic cells may encounter an inflammatory environment when transplanted in the diseased brain. It should be noted that in the case of Parkinson's disease, most promising cell therapy interventions that are being developed use intra-striatal implants [25] . Therefore, pathfinding from the mesencephalic region would not be necessary in this case. However, it could be of great interest to study how Slit-Robo signalling affects the integration, innervation or branching pattern of transplanted dopaminergic cells in the striatum. In addition, there is a need to study how Slit-Robo signalling affects the sprouting or branching of remaining terminals after the loss of dopaminergic innervation in the striatum.
Finally, a new line of research could also be initiated to study the role of the Slit/Robo axonal guidance system during axonal regeneration after traumatic injuries. For example, several studies have already reported changes in the expression of axonal guidance molecules after spinal cord injury in rodents, including changes in the expression of Slits [26, 27, 28] . More functional studies are necessary to investigate the role of these molecules as possible inhibitors of the regeneration of dopaminergic axons or as guidance cues for regenerating dopamine axons to be guided to their appropriate target neurons below the site of injury. Previous studies about the role of Slits in the development of the descending dopaminergic projections in zebrafish embryos (see above) and a recent study that has shown that descending dopaminergic fibres par-tially reinnervate the caudal spinal cord after a complete spinal cord injury in adult zebrafish [29] indicate that adult zebrafish may be an interesting model to study the role of Slits and Robos during the regeneration of dopaminergic axons in the mature CNS.
